Past research suggests that reading comprehension test performance does not rely solely on targeted cognitive processes such as word reading, but also on other nontarget aspects such as test anxiety. Using a genetically sensitive design, we sought to understand the genetic and environmental etiology of the association between test anxiety and reading comprehension as measured by a high-stakes test. Mirroring the behavioral literature of test anxiety, three different dimensions of test anxiety were examined in relation to reading comprehension-namely, intrusive thoughts, autonomic reactions, and off-task behaviors. Participants included 425 sets of twins from the Florida Twin Project on Reading. The results indicated test anxiety was negatively associated with reading comprehension test performance, specifically through common shared environmental influences. The significant contribution of test anxiety to reading comprehension on a high-stakes test supports the notion that nontargeted factors might interfere with accurately assessing students' reading abilities.
Past research suggests that reading comprehension test performance does not rely solely on targeted cognitive processes such as word reading, but also on other nontarget aspects such as test anxiety. Using a genetically sensitive design, we sought to understand the genetic and environmental etiology of the association between test anxiety and reading comprehension as measured by a high-stakes test. Mirroring the behavioral literature of test anxiety, three different dimensions of test anxiety were examined in relation to reading comprehension-namely, intrusive thoughts, autonomic reactions, and off-task behaviors. Participants included 425 sets of twins from the Florida Twin Project on Reading. The results indicated test anxiety was negatively associated with reading comprehension test performance, specifically through common shared environmental influences. The significant contribution of test anxiety to reading comprehension on a high-stakes test supports the notion that nontargeted factors might interfere with accurately assessing students' reading abilities.
In the United States, there is an increasing demand for children to demonstrate their literacy proficiency, including reading comprehension, through high-stakes standardized tests, which are tests determining grade M e r r i l l -P a l M e r Q u a r t e r l y , V o l . (Afflerbach, 2005; Porter, McMaken, Hwang, & Yang, 2011) . New educational policies such as the No Child Left Behind (NCLB) and Common Core legislation have called for the increased use of these tests as a means to measure educational learning, resulting in the introduction of high-stakes tests in more schools and at younger ages (Segool, Carlson, Goforth, von der Embse, & Barterian, 2013; Triplett & Barksdale, 2005; Wigfield & Eccles, 1989) .
Reading comprehension is a complex task involving both bottom-up processes, such as decoding, and top-down processes, such as inference making (Cain & Oakhill, 2007; Snow, 2002) . Reading comprehension becomes particularly important for school success during the reading to learn school years, commonly defined as Grade 3 or 4 and beyond (Chall, 1996) . At this time, classes begin to rely on students gaining knowledge in all subjects through the reading and understanding of text. To measure these students' progress in school, particularly after third grade, standardized tests of reading comprehension have been developed and are, in many cases, state-mandated. Although this testing enables one to track students' performance, it is not without complications.
Standardized tests of reading comprehension are designed to measure proficiency in reading comprehension, but other unintended situational conditions may impact test performance (Afflerbach, 2005; Haladyna, Haas, & Allison, 1998; von der Embse & Hasson, 2012) . For example, cognitive components such as inattention (Polderman, Huizink, Verhulst, van Beijsterveldt, Boomsma, & Bartels, 2011) , or affective components such as low motivation (Paris, Lawton, Turner, & Roth, 1991) , are commonly linked with poor test performance. In particular, substantial research has focused on test anxiety impacting testing outcomes (Haladyna & Downing, 2004; Segool et al., 2013) . Test anxiety is a type of state anxiety (i.e., context-specific) specific to testing situations that impacts a student's performance on the test, thus inhibiting the test score as an accurate reflection of academic knowledge and skill (Ergene, 2003) . Of all students, 10%-40% experience some level of test anxiety, with these rates varying, depending on factors such as gender, race, and socioeconomic status (McDonald, 2001; Segool et al., 2013; . In general, the literature indicates a negative relation between test anxiety and academic test performance (Hembree, 1988; Seipp, 1991) . Importantly, recent work has also highlighted the negative association of test anxiety with standardized tests of school achievement (Cassady & Johnson, 2002; Putwain, 2008; Segool et al., 2013; von der Embse & Hasson, 2012; von der Embse & Witmer, 2014) .
In a study from the United Kingdom, results indicated a small but significant negative relation between test anxiety and achievement on the General Certificate of Secondary Education (GCSE) standardized test in secondary students, with test anxiety accounting for 7% of the variance in GCSE scores (Putwain, 2008) . In the United States, elementary students were found to experience more test anxiety for state standardized tests than for classroom tests , with higher test anxiety levels associated with lower performance on high-stakes standardized tests, accounting for about 2%-15% of the variance (von der Embse & Hasson, 2012; von der Embse & Witmer, 2014) .
Cognitive load theory suggests that the executive control of working memory is limited in that only a finite amount of resources are available to process new information (Sweller, 1988) . It is thought that test anxiety can overwhelm the working memory system, making the processing of information necessary for reading comprehension inefficient and therefore more difficult (Cassady, 2004; Richards, French, Keogh, & Carter, 2000) . Research on school-aged students indicates that children with higher test anxiety had lower total reading comprehension performance, although the exact nature and level of impact remain unclear (Gifford & Marston, 1966; Neville, Pfost, & Dobbs, 1967) . For example, Gifford and Marston (1966) studied the effects of high and low test anxiety levels, reading rate, and task experience (pretest vs. posttest) in a study of fourth-grade boys. Although the study could not directly compare the test anxiety group's reading comprehension outcomes, the authors state that generally better reading comprehension is associated with lower test anxiety levels. Stronger support for this trend in children is found in the report by Neville et al. (1967) . Reading comprehension and vocabulary skills growth were measured in three groups of children differing in levels of test anxiety (high, medium, and low). Children in the high test anxiety group had lower performance on standardized tests of reading comprehension than did the children in the low test anxiety group. Students in the medium-level anxiety group performed better than both the low test anxiety and high test anxiety groups (Neville et al., 1967) . Taken together, test anxiety in children is generally considered to be negatively related to reading comprehension performance.
To move beyond simply measuring the phenotypic association between test anxiety and reading comprehension, the extent to which there are genetic and environmental influences between the two can be examined by using a twin design (Neale & Cardon, 1992) . A twin design enables the investigation of the relative contribution of genetic influencesheritability (i.e., additive genetic influences inherited from your parents; h²), shared environmental influences (i.e., environmental effects that serve to make siblings more similar; c²), and nonshared environmental influences (i.e., environmental effects that serve to make siblings less similar; e²)-on any given construct independently and, importantly here, the genetic and environmental influences in common among different constructs.
Specifically, by comparing monozygotic twins, who share 100% of their genetic influences, to dizygotic twins, who share on average 50% of their genetic influences, the genetic and environmental contributions of a skill or behavior of interest such as test anxiety and reading comprehension can be estimated. Additionally, the role of genetic and/or environmental influences underlying the association between test anxiety and reading comprehension performance can be quantified, enabling a better understanding of risk factors and narrowing of possible sources of confounds. For example, if genetic influences were found to explain the association between test anxiety and reading comprehension, then genetic risk factors in common between the two, perhaps related to cognitive skill, would be indicated. If shared environmental influences were found to explain the same association, then environmental risk factors, perhaps related to the shared school environment, would be indicated. Importantly, the exact source of the genetic and/or shared environmental influences typically cannot be determined, but the information gathered from the twin method enables a narrowing of the possible sources. If nonshared environmental influences were found to explain the association between test anxiety and reading comprehension, then this might suggest a causal relation between the two (Turkheimer & Harden, 2014 ). This is because many possible sources of confounds, typically shared between members of a twin family, are controlled for by the twin model. Therefore, in total, the twin model enables a richer description of the association between test anxiety and reading comprehension than previously available by phenotypic correlations only.
The previous behavioral genetics literature has not directly examined test anxiety, although work has focused on state anxiety. State anxiety is defined as anxiety induced by specific situations only (Spielberger, 1996) . Test anxiety is a subtype of state anxiety. This previous work indicates that state anxiety has moderate shared environmental influences (c² = .30-.36) and large nonshared environmental influences (e² = .59-.84), with negligible genetic factors (Lau, Eley, & Stevenson, 2006; Legrand, McGue, & Iacono, 1999) . Behavioral genetics work focusing on reading comprehension has indicated both significant genetic and environmental factors. Estimates of heritability have been small to large, ranging from .32 to .82 (Betjemann, Keenan, Olson, & DeFries, 2011; Betjemann et al., 2008; Hart, Petrill, & Kamp Dush, 2010; Keenan, Betjemann, Wadsworth, DeFries, & Olson, 2006; Logan et al., 2013; Petrill, Deater-Deckard, Schatschneider, & Davis, 2007) . Additionally, there are low to moderate shared environmental influences on reading comprehension, ranging from .01 to .47 (Betjemann et al., 2008; Logan et al., 2013; Petrill et al., 2007) and low to moderate nonshared environmental influences, ranging from .13 to .31 (Betjemann et al., 2011; Byrne et al., 2009; Keenan et al., 2006 ).
The cognitive load theory and the previous literature suggest that high test anxiety is associated with lower performance on tests of reading comprehension. Given the nature of high-stakes testing, which has become the standard metric to measure successful reading achievement for schoolchildren (i.e., failure of the test can result in grade retention), test anxiety likely plays an even more important role in these tests. Using a twin sample in Florida, we sought to examine the etiology of this association by examining the genetic and environmental contributions to the association between test anxiety and reading comprehension, as measured by a high-stakes test. Based on previous work, we hypothesized that test anxiety would indicate both shared and nonshared environmental influences, and that reading comprehension would indicate genetic and environmental influences. As there has been no research examining the genetic and environmental association between test anxiety and reading comprehension, we did not have a hypothesis for this relation.
Methods

Participants
Participants were drawn from the Florida Twin Project on Reading, Behavior, and Environment, a representative ongoing cross-sequential twin project in Florida (for more information, see Taylor, Hart, Mikolajewski, & Schatschneider, 2013) . The project obtained monitoring and achievement data for reading from the statewide educational database-the Progress Monitoring and Reporting Network (PMRN)-as well as additional data regarding twin behavior and environment via a parent and twin (for children at least 9 years old) questionnaire mailed directly to families beginning in 2010. For the present study, twins who were in Grades 3-7 during the 2010-11 school year were analyzed, representing all data available (mean age = 11.82 years, SD = 1.08 years). This resulted in a final sample of 213 monozygotic (MZ; 118 female-female pairs) and 212 same-sex dizygotic (DZ; 106 femalefemale pairs) twin pairs with complete data. According to parent report, twins were 54% Caucasian, 22% Hispanic, 16% African American, 5% mixed race, and 3% other or unknown. Zygosity of the twin pairs was determined via a parental five-item questionnaire on physical similarity (Lykken et al., 1990 ).
Procedure and Measures
Twins' test anxiety was measured by a self-questionnaire collected on all twins 9 years old and older during the summer of 2010. Reading comprehension data were collected by trained administrators as part of statewide achievement testing required by normal school attendance, and test scores were uploaded into the PMRN via a Web-based data collection system. PMRN data collection windows are determined by the Florida Department of Education and local school districts; for the present study, all data were collected in spring 2011, the time period most immediately following the questionnaire data collection. These procedures were conducted in accordance with the American Psychological Association (APA) ethical principles for human subject research, including informed consent and assent.
Test anxiety. The Children's Test Anxiety Scale (CTAS; Wren & Benson, 2004 ) was used to measure test anxiety. The 30-item scale has three dimensions-"thoughts," "off-task behaviors," and "autonomic reactions"-measured on a 4-point Likert scale (1 = almost never and 4 = almost always). Thoughts is defined as test irrelevant thoughts, self-critical thoughts, and other types of worry. Off-task behaviors is defined by distracting behaviors or nervous habits invoked by test anxiety. Autonomic reactions is defined as somatic changes related to test anxiety (e.g., sweating and upset stomach). Students were asked to respond to each question with the directions "How you think, feel, or act, when taking a test?" Mean scores for each dimension were used, as well as a mean score for the whole measure (i.e., test anxiety total score), and, in all cases, higher scores indicate higher test anxiety. Reliability for each was sufficient, thoughts α = .91, off-task behavior α = .82, autonomic reactions α = .84, and test anxiety total score α = .94.
Florida Comprehensive Achievement Test. Reading comprehension performance was measured by the Florida Comprehensive Achievement Test (FCAT) 2.0 Reading test. This criterion-referenced test was groupadministered to all Florida students every spring. During this test, students answered short-or long-format multiple-choice items depending on the content of the passage. Reliability for FCAT Reading Comprehension from item response theory (IRT) ranges from 0.90 in Grade 3 to 0.92 in Grades 5-12 (Foorman & Petscher, 2010) . FCAT 2.0 standard scores, ranging 100-500, were used in the analyses.
Analyses
To investigate the relations between test anxiety and reading comprehension, phenotypic correlations and genetically sensitive Cholesky decomposition models were used (DeFries & Fulker, 1985; Neale, Boker, Xie, & Maes, 2006) . Phenotypic correlations, analyzed by using SAS (Statistical Analysis Software) 9.4, were used to establish initial relationships between test anxiety and reading comprehension. Then, four bivariate Cholesky decomposition models were estimated: three separate models for each of the test anxiety dimensions and reading comprehension and one model for the full test anxiety measure and reading comprehension. More specifically, we examined the bivariate relation between thoughts and FCAT, that between off-task behaviors and FCAT, that between autonomic reactions and FCAT, and that between test anxiety total score and FCAT. Each bivariate Cholesky decomposition partitions the variance on a variable, and covariance shared between two variables, into two sets of biometric factors (see Figure 1) . The first set of biometric factors represent the additive genetic, shared environmental variance (environmental influences that make siblings more similar) and nonshared environmental variance (environmental influences that make siblings less similar, plus error) shared between the test anxiety dimension and reading comprehension (A 1 , C 1 , and E 1 , respectively). The second set of biometric factors represents the additive genetic, shared environmental, and nonshared environmental variance unique to reading comprehension alone (A 2 , C 2 , and E 2 , respectively), after accounting for the covariance between test anxiety and reading comprehension. After descriptive statistics and phenotypic correlations were calculated, all analyses were done with z-scored data corrected for age, age × age, gender, and age × gender in Mx (McGue & Bouchard, 1984; Neale & Maes, 2013) . Prior to the final modeling, the test anxiety dimension mean scores were reverse scored, so the variance between test anxiety and reading comprehension was positive, to assist in modeling. Table 1 presents descriptive statistics for the dimensions of test anxiety and FCAT scores. All skewness values were within the normal range, although the autonomic reaction dimension was positively skewed in the moderately nonnormal range (<2). Pearson correlations between all measures are listed in Table 2 . Correlations between the dimensions of test anxiety were large and significant (r = .55-.73, p < .001), and, as could be expected, the dimensions were significantly correlated with the test anxiety total score (cr = .79-.93, p < .001). Correlations between the measures of test anxiety and FCAT were low to moderate and significant (r = −.29 to −.09, p < .05).
Results
Intraclass Correlations
Next, intraclass correlations by zygosity were analyzed to provide an initial descriptive estimate of heritability, shared environmental influences, and nonshared environmental influences on each dimension of test anxiety and FCAT scores (see Table 3 ). Genetic influences were inferred for all measures because MZ twin correlations were higher (r MZ = .37-.71) than those for DZ twins (r DZ = .30-.61) in all cases. Additionally, shared environmental influences are indicated because MZ correlations were less than twice DZ correlations. Finally, nonshared environmental influences (along with error) were indicated as MZ correlations were <1 (Neale & Cardon, 1992) . (FCAT) . Each of the three bivariate Cholesky models (panels A-C) contained a test anxiety dimension (thoughts, off-task behavior, and autonomic reactions, respectively) and FCAT. Additionally, a fourth bivariate Cholesky model for the full test anxiety measure and reading comprehension was included (panel D). In the model, variance and covariance were decomposed into additive genetic (A), shared environmental (C), and nonshared environmental (E) factors. Significant pathways are noted by bold arrows. CTAS = Children's Test Anxiety Scale. 
Bivariate Cholesky Analyses
Three bivariate Cholesky decomposition models were used to examine the genetic and environmental contributions to the variance and covariance between each dimension of test anxiety and FCAT scores. Table 4 presents the univariate variance components for each variable and the path estimates from the four bivariate Cholesky decomposition models. Briefly, univariate results across the models indicated that the test anxiety dimensions of thoughts indicated significant genetic (h²), shared environmental (c²), and nonshared environmental (e²) influences. Off-task behavior indicated significant genetic and nonshared environmental influences only, and autonomic reactions and test anxiety total score indicated significant shared and nonshared environmental influences only. FCAT scores indicated significant genetic, shared environmental, and nonshared environmental influences. Turning towards the bivariate path estimates, when test anxiety was defined as the dimension of thoughts, results revealed significant genetic influences on thoughts and FCAT alone (path estimates of .59 and .74, respectively), but no significant genetic overlap between the two. On the other hand, there were significant shared environmental influences in common between thoughts and FCAT, with no additional shared environmental influences left on FCAT after accounting for the common effect. Looking at the relation between the off-task behavior dimension of test anxiety and FCAT, there were no significant common influences between the two. However, both indicated significant unique genetic and nonshared environmental influences. Next, in the last dimension model, where test anxiety was represented by the autonomic reactions dimension, the only significant genetic influences were unique to FCAT (path estimate of .74). Also, there Continued were significant common shared environmental influences between the two measures, accounting for all of the shared environmental influences on FCAT, with no additional shared environmental influences on FCAT after accounting for the common effect. For this model, there were also significant common nonshared environmental influences between autonomic reactions and FCAT. Lastly, when test anxiety was defined as the total score, results showed the only significant overlapping influence between test anxiety and FCAT was shared environment (path estimate of .43). Significant independent influences on test anxiety were found for genetic, shared environmental, .68, respectively) . In this last model, independent influences on FCAT reflect the previous models' findings of significant independent genetic and nonshared environmental influences (path estimates of .74 and .50, respectively).
Discussion
Through a twin approach, both genetic and environmental influences on and between test anxiety and reading comprehension were explored. Three different dimensions of test anxiety-namely, thoughts, off-task behaviors, and autonomic reactions-were investigated in relation to a high-stakes reading comprehension achievement test. As a first step, phenotypic correlations were examined, as the findings regarding the relation between test anxiety and reading comprehension did not previously include standardized measures of reading comprehension. The present results indicated that all three dimensions of test anxiety were negatively associated with FCAT scores, supporting the hypothesis that test anxiety in general is significantly related to scores on the highstakes FCAT reading test. Of note, the correlation of off-task behaviors with reading comprehension was statistically smaller than the other two test anxiety dimensions with reading comprehension (Meng, Rosenthal, & Rubin, 1992) .
1 Although on the surface it seems counterintuitive that offtask behaviors are not as strongly associated with reading comprehension test scores as the other measures of test anxiety are (i.e., being off-task would seemingly be a problem for testing), previous work with this scale has suggested that this dimension is not as closely related to the overall test anxiety construct. Specifically, factor analysis of the scale has indicated this dimension has the lowest factor loading of the three dimensions (Putwain & Daniels, 2010) . The present result supports this previous finding by indicating that, compared to the other two dimensions, this measure of off-task behaviors is simply not a hallmark measure of test anxiety.
Turning towards the genetically sensitive modeling, contrary to our original hypothesis based on the state anxiety literature, which indicated environmental influences only, when examining the univariate models, both genetic and environmental factors were indicated for test anxiety. Test anxiety might 1. The correlation contrast test was used to determine whether the correlation of each of the test anxiety measures with FCAT were statistically different from each other. Results indicated the only significant differences were that the correlations between thoughts and FCAT (r = −.28), and autonomic reactions and FCAT (r = −.29), were significantly greater than off-task behaviors and FCAT (r = −.09; z = −5.53, p = .00 and z = −5.54, p = .00, respectively).
tap into different aspects of personality that are more heritable, such as perfectionism (Tozzi et al., 2004) , resulting in greater genetic influences than other anxiety traits (Lau et al., 2006; Legrand et al., 1999) . Intriguingly, the results indicated that despite the literature suggesting that there are categorically different dimensions of test anxiety (e.g., Wren & Benson, 2004) , the underlying etiology of these supposedly different dimensions is remarkably similar. The univariate results for the FCAT are in line with previous reports from this twin project , as well as the previous literature on reading comprehension (Keenan et al., 2006; Logan et al., 2013) .
The main research aim of this study was to examine the genetic and environmental influences underlying the association of test anxiety and reading achievement as measured by a high-stakes achievement test. The literature indicates that test anxiety could potentially be a reason for why some children, despite proficient reading skills, do poorly on these sorts of tests. Given the implications for doing poorly on these mandated tests, for the student, the teacher, and the school, it is important to understand the nature of the shared relation. The results across the bivariate models were fairly consistent. If there was a shared etiology between test anxiety and FCAT, it was through the shared environment, indicating that there were environmental confounds to the association between the two. This result was seen for the dimensions of thoughts and autonomic reactions, but not for off-task behavior, likely reflecting the low overall relation between off-task behavior and FCAT (r = −.09). Importantly, when the test anxiety measure was used as a whole (rather than the different dimensions), the results supported this same finding of shared environmental overlap. It has been hypothesized that anxiety symptoms can overwhelm the working memory system, making it difficult to process the information necessary to be successful on a test (Coy, O'Brien, Tabaczynski, Northern, & Carels, 2011) . At first glance, it seems counterintuitive that the working memory system may be activated through common shared environmental influences. However, given that test anxiety is a state-specific anxiety, it often occurs during the testing situation, and related events, only. The FCAT is an environmental event that is shared across twin pairs because they take the test at the same time with similarly aged peers in the same school. FCAT testing is typically a stressful time in the school year, with school administration, teachers, and students all impacted by the results of the testing. This can result in the broader school climate being more anxious, which has been linked with increasing test anxiety in children within the school (Segool, von der Embse, Mata, & Gallant, 2014) . This more anxious school climate may contribute to the shared environmental influences measured here. Furthermore, we suspect, but can't test more specifically, that children in third grade are more likely than children in other grades to feel anxiety related to the high-stakes nature of the third-grade reading test where passing is required to advance to the next grade.
Limitations and future work
Several limitations of the study are worth noting. First, the test anxiety literature suggests there may be gender differences in the expression of test anxiety (McDonald, 2001) . Unfortunately, we have only same-sex dizygotic twins that do not allow for the full sex-limitation model to be explored, and, most importantly, our sample size was too small once separated by gender to detect gender differences. However, if we were able to examine for gender effects, we may have found a differential relation between test anxiety and reading by gender. Along these same lines, it has been suggested that a developmental pattern indicates that the relation between test anxiety and test performance may increase across the elementary school years, stabilizing around Grade 5 (Hembree, 1988) . For example, Hill and Sarason (1996) found that the correlation between test anxiety and test performance was lower for boys in third-grade (boys r = −.18, girls r = −.28) than in fifth-grade (boys r = −.34, girls r = −.24). It may be the case that there are developmental patterns that we were unable to analyze because the available sample size per grade is not high enough to do individual twin analyses.
As high-stakes testing becomes more generally adopted by the public education system, it is more important than ever to understand how factors such as stress and anxiety may interfere with a student's performance. These results support test anxiety's negative impact on reading comprehension, specifically through common shared environmental influences. The significant contribution of test anxiety to reading comprehension on a highstakes test supports the notion that test anxiety may interfere with accurately assessing students' reading abilities. This has important implications for the use of high-stakes testing in schools, as well as the subsequent decisions, such as automatic grade retention, resulting from these tests.
